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2. Here, we present the rationale of the PhenObs initiative—botanical gardens as
a global phenological observation network. The initiative aims to collect data on
plant phenology in botanical gardens which will be used alongside information on
plant traits and site conditions to answer questions related to the consequences
of global change:

A What is the variation in plant phenology in herbaceous species across the
growing season and in response to changes in climate?

B How can plant phenology be predicted from species’ trait composition, prov-
enance, position and extent of the distribution range and species’ phylogeny?

C What are the implications of this variation with respect to species performance
and assembly, biotic interactions (e.g. plant-pollinator interactions) as well as

ecosystem processes and services under changing land use and climate?
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1 | INTRODUCTION

Studies of phenology analyse the timing of biological events. In plant
species, phenological events include leaf emergence, flowering,
fruiting and leaf senescence. Phenology is of particular importance,
as itis sensitive to climate change (Parmesan & Yohe, 2003; Walther
et al., 2002). While the flowering times of herbaceous species have
been well studied, there is relatively little data on the leaf and
fruiting phenology of herbaceous species. It is estimated that over
50% of the worlds' species (FitzJohn et al., 2014) and c. 85% of the
species of temperate ecosystems are non-woody (Ellenberg, 1996).
Despite the huge proportion of herbaceous species, phenological
research, particularly for leaf out and leaf senescence, has tradi-
tionally focussed on trees and shrubs or crops (Chmielewski &
Rotzer, 2001; Panchen et al., 2014, 2015; Vitasse et al., 2011). Even
for woody plants, most studies monitor leaf out and first flowering
(Konig et al., 2018; Lechowicz, 1984; Panchen et al., 2014) rather
than the later stages of phenology, such as the end of flowering,
fruiting and leaf senescence (Bucher & Rémermann, 2020, 2021;
Gallinat et al., 2015; Panchen et al., 2015). Studies monitoring the
entire life cycle of herbaceous plants are rare and limited to a few
species (Cornelius et al., 2011; Ettinger et al., 2020; Kim et al., 2012).

Changes in plant phenology due to climate change are occur-
ring all over the world and are already affecting biodiversity patterns
and trophic interactions as well as ecosystem functions and services
(Heberling et al., 2019; Inouye, 2008; Miller-Rushing et al., 2008; Rich
et al., 2008). Many plant species respond to warming temperatures by
altering the timing of phenological events (Konig et al., 2018; Menzel
& Fabian, 1999; Root et al., 2003). Many studies report shifts towards
earlier spring phenology and later autumn phenology, resulting in an
overall increase in growing season length (e.g. Menzel & Fabian, 1999).
Phenological shifts may also be caused by changes in precipitation re-
gime (Crimmins et al., 2010; Fu et al., 2014; Huang, Koubek, et al., 2018),
soil nutrients (Huang, Li, et al., 2018) and biotic interactions (Wolf

etal., 2017). The magnitude and direction of phenological changes vary

3. Here, we lay out the development of a straightforward protocol that is appropriate
for monitoring phenology across a vast diversity of growth forms of herbaceous
species from various habitats and geographical regions.

4. To focus on a key number of stages necessary to capture all aspects of plant species
phenology, we analysed associations between 14 phenological stages. These data
were derived from a 2-year study on 199 species in four German botanical gardens.

5. Based on the relationships of the phenological stages, we propose to monitor
three vegetative stages (‘initial growth’, ‘leaves unfolding’ and ‘senescence’) and
two reproductive stages (‘flowers open’ and ‘ripe fruits’) to fully capture herba-

ceous species phenology.

first flowering day, flowering phenology, fruiting phenology, functional traits, growing season

length, leaf out, senescence, vegetative phenology

across species and depend on the season (Bucher et al., 2018; Konig
et al., 2018; Parmesan, 2007), which may lead to changes in competi-
tive hierarchies of ecosystems and to mismatches in biotic interactions
(Heberling et al., 2019; Miller-Rushing et al., 2010).

The negative effects of mismatches on ecosystem processes
are manifold: It has been pointed out, for example, by Heberling
et al. (2019), Kudo et al. (2008), Lapointe (2001) and Lopez et al.
(2008), that an earlier budburst of deciduous forest trees can lower
the yearly photosynthetic rate of understorey herbs, especially in
spring ephemerals. Plant-animal interactions such as plant-pollinator
relations (Burkle et al., 2013; Kharouba et al., 2018; Kharouba &
Vellend, 2015; Kudo & Cooper, 2019) or seed dispersal via animals
(Gallinat et al., 2015) may be affected by species-specific responses.

There is widespread evidence that evolutionary history can be
used to predict patterns in phenology, as closely related taxa tend to
exhibit similar timing in their life-history events (Davies et al., 2013;
Panchen et al., 2014, 2015). However, there is also evidence that
phenological sensitivity to climate is not phylogenetically conserved
and that closely related species do not show comparable flowering
periods. However, the response to environmental changes is species-
specific (CaraDonna & Inouye, 2015; Davis et al., 2010; Wolkovich
et al., 2013). Recent studies suggest that plant functional traits de-
termine phenological sensitivity and have the potential to improve
predictions of phenological responses to environmental variation. For
example, higher growth rates and leaf nitrogen content are associ-
ated with an earlier start of flowering in herbaceous species on local
(Bucher et al., 2018) and global scales (Konig et al., 2018).

1.1 | Opportunities and challenges of monitoring
phenology in botanical gardens

Botanical gardens offer a unique possibility to perform coordi-
nated research on the effects of climate change (Primack & Miller-
Rushing, 2009). Globally, there are 1,775 botanical gardens and
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arboreta in 148 countries on every continent except the Antarctic
spanning wide climate conditions (BGCI, 2019). They encompass
huge numbers of species in their collections that are phylogenetically,
biogeographically and ecologically diverse. There is a large amount
of overlap between gardens in species and in some cases gardens
share clones (Chmielewski & Rétzer, 2001), an advantage when try-
ing to separate the effects of genetic variation from environmental
response. Because of their diverse collections, botanical gardens rep-
resent ideal locations to carry out evolutionary, ecological, biogeo-
graphical and morphological studies (Primack & Miller-Rushing, 2009).

However, there are also limitations associated with monitoring
phenology in botanical gardens. It is often difficult to capture the ef-
fects of precipitation or soil nutrient conditions on phenology due to
irrigation and fertilisation in the gardens. Other maintenance issues
relate to fruit harvesting, pruning or weeding. Nonetheless, studies on
phenology of trees in botanical gardens have successfully identified
patterns in leaf out, senescence, fruiting and phylogenetic patterns
of phenology for large numbers of woody taxa (Gallinat et al., 2018;
Panchen et al., 2014, 2015). Botanical gardens have also been used
to measure the timing and the speed of the growth of above-ground
plant organs (‘growth phenology’) of large sets of herbaceous species
to make the results independent of local differences in climatic drivers
(Huang, Koubek, et al., 2018). As illustrated in Figure 1, phenological
monitoring in botanical gardens offers the possibility to include many
species from many habitats and different vegetation zones, reflecting
the advantages of meta-analyses (see e.g. Konig et al., 2018; Root
et al,, 2003). At the same time, plant species grow under comparable
(optimal) conditions in a relatively small area, allowing measurements
of trait compositions and site conditions with a manageable effort,
reflecting the advantages of local-scale field studies (see e.g. Bucher
etal.,, 2018). In addition, studying plants in botanical gardens simplifies
the monitoring of early season stages of vegetative phenology such
as ‘initial growth’ which are hard to identify in a natural environment.

Meta analyses/
global scale

No. of species ' Bot. gardens

No. of habitats

Bot. gardens

Vegetation zones  Bot. gardens

Site comparability

Data on site conditions

Data on traits
(observed populations)

Here, we present the rationale of the PhenObs initiative—botanical
gardens as a global phenological observation network—and lay out
the development of a straightforward protocol that is appropriate
for monitoring phenology across a vast diversity of growth forms of

herbaceous species from various habitats and geographical regions.

1.2 | Monitoring phenology—Why do we need
PhenObs?

Monitoring phenology has a long history. It was as early as the 9th
century that recording the cherry blossom in Japan began (Aono &
Kazui, 2008). In the 19th century, various European meteorological
institutes started coordinated monitoring of plant phenology with a
focus on woody species, often relying on the help of citizen scientists
to gather data in the field (Austria: the Zentralanstalt fir Meteorologie
und Geodynamik (ZAMG) since 1851; UK: Royal Meteorological Society
since 1875; Germany: Deutscher Wetterdienst since 1881). Today, we
find a range of various initiatives and networks monitoring phenol-
ogy, for example, IPG (International Phenological Gardens, 2019), the
phenology program of the German Meteorological Service (Deutscher
Wetterdienst, 2015), NEON (National Ecological Observatory Network;
Elmendorfetal.,2016)and the USA-NPN (USA-NPN National Phenology
Network Coordinating Office, 2013), partly monitoring also herbaceous
species (e.g. USA-NPN). These initiatives and networks monitor the
phenology mostly in wild populations supplemented by plants grow-
ing in private gardens (except for the IPG monitoring clones in gardens
worldwide); some run also smaller projects in botanical gardens (USA-
NPN). These networks collect an impressive amount of very valuable
data that have also been included in various types of meta-analyses (e.g.
Konig et al., 2018; Menzel & Fabian, 1999; Root et al., 2003).
Accordingly, we are establishing a new phenological network

using botanical gardens (PhenObs) to monitor phenology on a large

Field studies/
local scale

Bot. gardens

Bot. gardens

Bot. gardens

FIGURE 1 Schematic diagram illustrating the advantages and constraints of global-scale and local-scale approaches to study plant
phenology. The grey triangles indicate the amount of data (species, habitats, vegetation zones, site conditions, traits) and the degree of site
comparability typically covered in global- versus local-scale approaches. Operating across botanical gardens enables the PhenObs network
to profit from the advantages of both approaches, that is, to study large numbers of diverse taxa from diverse habitats and vegetation zones
while incorporating site-specific information and traits measured on focal individuals/populations
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set of herbaceous species from diverse families, habitats and geo-
graphical distributions in a standardised way. PhenObs (www.idiv.
de/en/phenobs) is an open network of research groups in botanical
gardens and includes several sites across the Northern hemisphere
(Asia, North America, Europe). PhenObs researchers aim to improve
the understanding of both vegetative (e.g. leaf out and senescence)
and reproductive (e.g. flowering and fruiting) phenology focussing on
herbaceous species, via standardised and coordinated phenological
monitoring. This is in effect a large-scale ‘common garden experi-
ment’ with replicates of species, genera and families grown around

the world. The PhenObs network strives to answer the key questions:

1. What is the variation in plant phenology in herbaceous species
across the growing season and in response to global change?

2. How can plant phenology be predicted from species’ trait compo-
sition, provenance, position and extent of the distribution range
and species’ phylogeny?

3. What are the implications of this variation with respect to species
performance and community assembly, biotic interactions (e.g.
plant-pollinator interactions) as well as ecosystem processes and
services, such as carbon sequestration and biomass production

under changing land use and climate?

The network started monitoring in 2017 with a 2-year pilot phase
conducted by four German botanical gardens (Berlin, Halle, Jena and
Leipzig) to define a standardised and straightforward phenological
protocol that can be applied to a large diversity of herbaceous species.
One of our key initial questions was whether monitoring detailed sub-
stages of each phenological event was worth the effort and gave ad-
ditional insights. We noted that a recent study by Ellwood et al. (2019)
examining flowering, fruiting and leaf out of red maples in response
to temperature across eastern North America using herbarium spec-
imens showed that just a few phenological stages were sufficient to
fully capture flowering, fruiting and leaf phenology. Similarly, Gallinat
et al. (2018) showed for a range of woody plants at botanical gardens
that the various stages of fruiting were highly correlated and that just
recording first fruiting dates was sufficient for most purposes.

Here, we lay out the development of a standardised and straight-
forward protocol for observing vegetative and reproductive phenol-
ogy across an extensive diversity of growth forms of herbaceous

species from various habitats and geographical regions in botanical

gardens. We conclude that a reduced number of clearly defined
stages of phenology are sufficient to fully capture herbaceous spe-
cies phenology based on the analyses of the relationship between
14 vegetative and reproductive stages monitored on more than 120

species in two subsequent years.

2 | MATERIALS AND METHODS
2.1 | Study sites and environmental parameters

The study was conducted at the botanical gardens of Berlin, Halle,
Jena and Leipzig in 2017 and 2018, being located in Eastern and
Central Germany in a subcontinental climate (see Table 1). Note that
2018 was about two degrees warmer than 2017, and both years
were warmer the average of 1981-2010.

Further gardens covering a large geographical gradient and cli-
mate extent across the Northern hemisphere have joined the net-
work since 2019 (see www.idiv.de/en/phenobs for a most recent

overview on network members).

2.2 | Species selection and plot design

We selected up to 170 herbaceous species for our study reflect-
ing a high diversity in growth forms, ecological niches, phylogeny
and being widely available in the four gardens. The species list is
in Supporting Information 1. Not all species were present in every
garden, but in 2018 51% of the species were monitored in at least
three gardens and 24% of the species in all four gardens. To cover a
larger variability of growth forms occurring in the herbaceous layer,
we added some dwarf-shrub and subshrub species to our list (e.g.
Solanum dulcamara, Gaultheria shallon, Vaccinium myrtillus).

We defined a population as a group of a particular species re-
gardless of how many individuals were present. Some of these pop-
ulations originated from seeds collected in the field, whereas others
were clones from one or a couple of individuals. In the case of the
few chamaephytes (dwarf-shrub and subshrubs), data sometimes
referred to a single individual.

Observations were made over the entire population for each spe-

cies. As the area of each species cover varied from one individual (in

TABLE 1 Botanical gardens in which plant phenology was monitored in the pilot study years with their location, their climate conditions
and the numbers of species observed in 2017 and 2018. Temperature data come from the DWD Climate Data Center (CDC) (2020)

Mean annual/

March/May
Botanical Altitude temp. [°C],
garden Latitude, longitude [m a.s.l] 1981-2010
Berlin 52°27'N, 13°18'E 50-70 9.5/4.7/14.3
Halle 51°29'N, 11°57'E 85-105 9.6/5.0/13.9
Jena 50°55'N, 11°35'E 150-170 9.9/5.4/14.3
Leipzig 51°19'N, 12°23'E 120 9.4/4.7/13.8

Number
Mean annual/ Mean annual/ of species
March/May March/May analysed
temp. [°C], 2017 temp. [°C], 2018 2017/2018
10.1/7.3/14.9 11.1/1.7/17.6 125/170
10.5/8.0/14.6 11.3/2.5/17.0 66/94
11.0/8.5/15.8 11.5/3.3/17.1 78/130
10.5/8.0/15.2 11.4/2.8/17.0 0/94
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the case of G. schallon) up to several m? (e.g. Aegopodium podagraria),
we tried to do the observations always on the same localised (though
not marked) place, generally monitoring an approximately 1 m? plot
per species in each garden. This localised monitoring was done to en-
sure uniform environmental conditions at this place. For some spe-
cies, plants were growing in mixtures with other species. Within the
PhenObs protocol, we recorded all site characteristics for each spe-
cies to account for differences that may be associated to differences
in monitoring area and plant densities (analyses not included here).
However, based on our extensive experience, such site differences

are far less important than the large differences among species.

2.3 | Monitoring protocols

For each species, 14 vegetative and reproductive phenological
stages covering the seasonal life cycle were monitored (Table 4). For
the flowering stages, the intervals were particularly fine scaled, in-
cluding the onset of buds and the percentage of open flowers (first
flower, <10%, <50%, last 10%, no flowers open), to reflect the de-
velopment of flowers in detail (see Supporting Information 2a for an
example data entry sheet).

Table 4 gives an overview on the definition of the stages we mon-
itored. The stages were selected based on expert opinion regarding
feasibility and application to herbaceous species. These are similar
to the stages used in the BBCH system (Biologische Bundesanstalt
fir Land- und Forstwirtschaft, 2001; Meier et al., 2009) as ap-
plied by the German Meteorological Service (DWD, Deutscher
Wetterdienst, 2015), by Denny et al. (2014) as well as the stages used
by the USA-NPN (USA National Phenology Network Coordinating
Office, 2013). Many of these stages are also observed through the
IPG network (International Phenological Gardens, 2019) and are sim-
ilar to the stages adapted by NEON (U.S. National Earth Observation
Network; Elmendorf et al., 2016).

We selected vegetative and reproductive stages and modi-
fied the definition of stages to deal with the diversity of growth
forms in herbaceous plants while keeping them as straightforward
as possible to allow volunteers to participate in the project after
some initial training. In some groups of species, it may be diffi-
cult to observe some of the proposed stages (e.g. first leaf visi-
ble in its typical form in the case of sedges). For these cases, the
monitoring sheets provide the possibility to enter ‘unsure’ so that
this data are not—or only after plausibility check—included in fur-
ther analyses (for more details, see also Supporting Information
4: PhenObs protocol). In the pilot phase, for all stages, the date
of the onset of the stages were recorded as soon as observed on
at least one plant—or on three twigs of one individual in case of
chamaephytes.

We monitored phenology weekly on a population level as recom-
mended by Cornelius et al. (2011), Miller-Rushing et al. (2008) and
Panchen et al. (2014).

The data are publicly available via the iDiv data repository:
https://doi.org/10.25829/idiv.1877-4-3160 (Nordt et al., 2020).

2.4 | Data analyses

To identify which stages are necessary to fully capture plant phenol-
ogy of herbaceous species, we tested the relationship of the dates of
different vegetative and reproductive stages. All species monitored
in at least one of the four gardens were included in the analysis (see
Supporting Information 1: species list).

For the analyses of vegetative stages, we tested whether the
day of the year of the ‘first leaf’ (the day, when the form of the newly
formed leaf was recognisable) can be used to predict the other
vegetative stages (‘initial growth’, ‘leaf unfolded’, ‘onset of senes-
cence’ and ‘peak senescence’). We performed an analysis of co-
variance (ANCOVA) with the day of the year (DOY) of the ‘first
leaf’ as predictor variable and garden and year included as co-
variates alone and in interaction with ‘first leaf’. Full models were
simplified via backwards selection until the minimum adequate
model was found as described in Crawley (2012). As continuous
response variable, we included each of the other vegetative stages
in separate models (see Table 4). In addition, we tested whether
the stage ‘onset of senescence’ can be used as a proxy also for
‘peak senescence’ using the same model as described above. We
computed the fraction of variation attributable to each predictor
variable in the models using the calcVarPart function (Hoffman &
Schadt, 2016).

As day of ‘first flower’ is the most frequently used reproduc-
tive stage in phenology research, we tested whether the day of the
year of the ‘first flower’ can be used to predict other reproductive
stages. As for the vegetative stages, we conducted an ANCOVA
with ‘first flower’ as predictor and each of the other reproductive
stages (see Table 4) as response variable in separate models. Also
here, we included garden and year as covariates alone and in in-
teraction with ‘first flower’. In the ‘flower buds swollen’ models,
Leipzig garden was excluded due to missing data. For the same
reasons as outlined above for the senescence stages, we addition-
ally tested whether ‘first ripe fruit’ captures ‘peak fruiting’ using
the same modelling approach.

All statistical analyses were conducted in r (R Core Team, 2019)
with the r package variaNcEPARTITION (Hoffman & Schadt, 2016). All
plots were produced using the r package cepLoT2 (Wickham, 2009).

3 | RESULTS

3.1 | Relationship between ‘first leaf’ and the other
vegetative stages

The results of the models for the vegetative phenological stages
showed that the phenological stage ‘first leaf’ was highly correlated
with ‘initial growth’ and ‘leaf unfolded’ (Figure 2a,b, for statistics, see
Table 2). The variable ‘garden’ had a significant effect on the intercept in
the leaf unfolded model, and year had a significant effect on the slope
of both models. The association between ‘first leaf’ and the two senes-

cence stages was much less strong though still significant (Figure 2c,d,
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Table 2), with a significant effect of year on the intercept in the onset
of senescence model. The two senescence stages, onset of and peak
senescence were highly correlated with one another (R? = 0.64,
Fs394=142.7,p < 0.001), with a significant effect of garden and year on
the intercept (for both p < 0.001; see Supporting Information 3).

3.2 | Relationship between ‘first flower’ and other

reprodu

As presented in Table 3 and Figure 3, there were strong relation-

ships between ‘first flower’ and the other reproductive phenological
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FIGURE 2 The relationship between
the day of the year (DQY) of first leaf
with the vegetative stages initial growth
(a), leaf unfolded (b), onset of senescence
(c) and peak senescence (d). Each dot
represents the observation of one
species in one garden and one year. Lines
result from the ANCOVAs where each
phenological stage was a continuous
response variable predicted by first leaf
as a continuous predictor and garden
and year as categorical covariates alone
and in interaction with DOY first leaf. In
models that showed significant effects
of covariates, different colours indicate
years, different symbols indicate gardens.
For statistical test values, see Table 2

TABLE 2 Results of the linear
regression models using the day of the
year of the phenological stage first leaf

to explain the day of the year of initial
growth, first leaf unfolded, onset of and
peak senescence. Garden and year were
included alone and in interaction with first
leaf as covariates in the models. Given are
the outputs of the model (R?, F-statistics).
Significant effects are indicated with

***n < 0.001, **p < 0.01, *p < 0.05, n.s.
not significant. ‘—’ indicates terms that
were not included in the minimal adequate
models. Percentages give the fraction

of variation attributed to each variable
included in final model based on variance
partitioning methods

stages selected; there was no consistent effect of garden and year
in the models. The relationship between ‘first flower buds’ and ‘first
flower’ was strong (Figure 3a) with no significant effect of garden
and year. The relationship between ‘flower buds swollen’ and ‘first

flower’ was even stronger, but both, garden and year had an effect

on the slope of the regression lines (Figure 3b). ‘Flowers 10% open’

and ‘first flower’ were strongly associated to one another though

there was a significant year effect on model slope (Figure 3c). The

association between ‘peak flowering’ and ‘first flower’ was strong

and differed between gardens and years (Figure 3d). The relationship

between the last 10% of flowers being open (‘last 10% flowering’)

and ‘first flower’ was significant, again with effects of garden and
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TABLE 3 Results of the linear regression models using the phenological stage ‘first flower’ (FFD) to explain six other flowering stages and two fruit stages. Garden and year were included

alone and in interaction with FFD as covariates in the models. Given are the outputs of the model (Rz, F-statistics). Significant effects are indicated with ***p < 0.001, **p < 0.01, *p < 0.05, n.s.
not significant. ‘' indicates terms that were not included in the final models. Percentages give the fraction of variation attributed to each variable included in final model based on variance

partitioning methods
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year on the slopes. ‘End of flowering’ was significantly associated
with ‘first flower’, with a significant difference of the intercepts of
the gardens. Both fruiting phenological stages were strongly and sig-
nificantly associated with ‘first flowering day’, though these relation-
ships were weaker than for the flowering stages. In both cases, year
had an effect on the intercept (Figure 3g,h). Concerning the associa-
tion between the two fruiting stages the models suggest that ‘first
ripe fruit’ and ‘peak fruiting’ were significantly correlated (R? = 0.87,
Fg,y431 =597.2, p < 0.001), with effects of garden (p < 0.05) and year
(p < 0.05) on the intercept (see Supporting Information 2).

4 | DISCUSSION

Our study shows that although the phenology of species differed
between years and gardens, many phenological stages are tightly re-
lated. The effects of garden and year on the relationships between
the stages were very small, typically not explaining more than 5%
of model variation. Thus, based on our analysis, we show that a re-
duced set of phenological stages can be used to sufficiently char-
acterise plant phenology to assess changes with regard to climate
and associated shifts in ecosystem functions. As such, we suggest a
new standardised monitoring protocol focussing on a few selected
phenological stages that allow monitoring a large set of species with
reasonable efforts (Supporting Information 4).

4.1 | Developing standardised protocols for
herbaceous species

Table 4 gives an overview of the stages we observed in the pilot
study alongside the new, reduced set of stages, which we propose
for monitoring the phenology of a large set of herbaceous species.
We recommend to monitor two vegetative stages: (1) ‘Initial growth’
indicates the start of the growing season. Even though it is highly
correlated with ‘first leaf’, slopes and intercepts differed between
gardens and years, suggesting to keep this stage. (2) ‘Young leaves
unfolding’ indicates the time when species typically begin photosyn-
thesis, at least in temperate regions. Here, we renamed the term ‘first
leaf’, which was used in the pilot study to account for the possibility
to include a second leaf flush during the growing season. By moni-
toring these two stages early in the season, that is, when new shoots
appear or young leaves unfold, we will be able to provide novel data
for phenology research, as these stages are inherently difficult to
monitor in the wild (e.g. Cornelius et al., 2011). Especially in dense
vegetation types in the wild, it is difficult and sometimes nearly im-
possible to distinguish plant species in very early stages in spring
(unless detailed information on species composition is available from
previous year), underlining also the advantage of monitoring herba-
ceous plant species in botanical gardens. With the PhenObs initia-
tive, we will be able to provide data on these early-season vegetative
stages which indicate the start of the growing season and which

allow calculating growing season length. Eventually, we can test
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whether data on these early-season phenological stages can be pre-
dicted from (easy-to-measure) data on plant traits, either measured
on the same populations (as planned in e.g. PhenObs, see Protocol
in Supporting Information 4), or, alternatively, from trait databases
such as TRY (Kattge et al., 2020).

We also suggest monitoring (3.1) ‘leaf senescence’ as an additional
vegetative stage asthe observed correlation between ‘firstleaf’ and ‘leaf
senescence’ was rather low (Table 4). The highly significant relationship
between ‘onset of senescence’ and ‘peak senescence’ allows extrapo-
lating these dates from one another. However, to capture effects of,
for example, summer drought within the growing season we propose
to estimate (3.2) senescence intensity throughout the year. We further
suggest monitoring when at least 50% senescence is reached at the

end of the growing period, as this ‘peak senescence’ was also proposed

in other studies and networks to define the end of the growing sea-
son (e.g. Budburst, 2019; Deutscher Wetterdienst, 2015; International
Phenological Gardens of Europe, 2019; Panchen et al., 2015). From the
vegetative stages, which we propose to monitor, we are able to specifi-
cally capture the length of the growing season, which is of considerable
value in global change research. Changes of growing season length
have implications for the global carbon cycle and ecosystem functions
like productivity, as well as species performance and community com-
position (Churkina et al., 2005; Kramer, 1995; Richardson et al., 2010;
White et al., 1999). Furthermore, changes in the growing season length
may affect biotic interactions such as herbivory: when photosyn-
thetic tissues are produced and leaves are greening up they also be-
come most susceptible to herbivory. Climate-induced changes of the

appearance of leaf tissue have thus also implications for interactions
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TABLE 4 Development of a simplified protocol to monitor phenology that is applicable to a large set of herbaceous species. Shown is a
comparison of the 14 phenological stages that have been monitored during the pilot phase 2017/2018 and the proposed reduction to five
stages for the PhenObs network and beyond. A full description of the PhenObs protocol can be found in Supporting Information 4; its most
recent version (including FAQ section) and via www.idiv.de/en/phenobs

Vegetative
phenology

Reproductive
phenology

Full version (pilot study)

1. Initial growth

First appearance of the shoot above-ground’

e Noted only at first sight.

e Considering any growth irrespective of its origin (shoot, leaf,
leaf-sheath, flower).

2a. First leaf

The first leaf is fully visible in its typical form (can still be partly
folded). It should usually be green.

e Noted only at first sight.

e Second leaf flushes are noted as remark.

2b. First leaf unfolded
The first leaf is unfolded and has at least 75% of its size.
o Noted only at first sight.

3a. Onset of senescence

Leaves are changing colour, dry out or fall off.

e Noted only once.

e Dry leaves as result of any pest infestation or summer
drought are not evaluated as senescent.

3b. Peak Senescence (50%)
e At least 50% of the leaves have fallen off, dried or coloured.
e Noted only once.

4a. First flower buds
The first flower bud is visible.!
e Noted only once.

4b. Flower buds swollen
Buds are swollen; the colour of the flowers can be recognised.
e Noted only once.

4c. First flower
First flower is fully open
e Noted only once.

4d. Flowers 10% open
At least 10% of the flowers/inflorescences are open.
e Noted only once.

4e. Peak flowering (50%)

At least 50% of the flowers are open. The maximum number of
flowers opening at the same time in each population is defined
as the 100% standard.

e Noted only once when 50% is reached.

4f. Last 10% flowering
Less than 10% of the flowers are open.

Simplified version (PhenObs)

1. Initial growth

First appearance of the shoot aboveground*
e Noted as long as new shoots appear.

e Considering only vegetative growth.

2. Young leaves unfolding
The first leaf is fully visible in its typical form (can still
be partly folded). It should usually be green.
e Noted at every sight, including also second leaf
flushes during the growing season.

<highly correlated with young leaves unfolding>

3.1 Senescence

Leaves are changing colour, dry out or fall off.

e Noted continuously when senescent leaves are
sighted.

e Dry leaves as a result of summer drought or pest
infestation can be included.

3.2 Senescence intensity**

e The additional estimation of percentage senescence
(‘intensity’) allows calculating all possible thresholds,
including 'peak senescence’.

<can be extracted from the intensity column>

<highly correlated with first flower>

<highly correlated with first flower>

4.1 Flowers/inflorescences open

Start monitoring when first flower is fully open.

e Indicating ‘yes’ for every week flowering is
observed.

4.2 Flower intensity*

e The additional estimation of percentage
flower intensity allows calculating all possible
thresholds, including ‘peak flowering’, ‘end of
flowering’, etc.

<can be extracted from the intensity column>

<can be extracted from the intensity column>

<can be extracted from the intensity column>

(Continues)
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TABLE 4 (Continued)

Full version (pilot study)

4g. End of flowering (0%)

Simplified version (PhenObs)

<can be extracted from the intensity column>

No more flowers are open (stamen and stigma are withered).

5a. First ripe fruit
Onset date of first ripe fruit.
e Noted only once when first fruit is ripe.

5b. Peak fruiting

5. Ripe fruit
Start monitoring when first fruit is ripe, indicating ‘yes
for every week a ripe fruit is observed.

<highly correlated with first fruit>

The date when at least 50% of the fruits are ripe, overripe or

fallen off.

*Special cases: (a) overwintering buds: the first tip of photosynthetic tissue emerging from the bud in spring. (b) chamaephytes: bud swelling; (c)
wintergreen hemicryptophytes: initial growth from ground, not new leaves on the old stems (for more details, see Supporting Information 4).

**Senescence intensity is an optional category in PhenObs. In any case, at the end of the vegetation period, monitoring stops when 50% is reached.

Special cases: In case of very dense inflorescences like the heads of Asteraceae, the visibility of the inflorescence bud should be considered (for

more details, see Supporting Information 4).

*Flower intensity is an optional category in the PhenObs project, though we recommend to at least capture 50% flower intensity.

with herbivores (Aizen & Patterson, 1995; Mayor et al., 2017; Post &
Forchhammer, 2008; Renner & Zohner, 2018).

Concerning the reproductive stages, we recommend to observe
at least ‘first flower’, as this stage was closely related to the other
flowering stages. Our experience from the pilot study enabled us
to change the type of data recording from event-based (only onset
dates) to status-based monitoring, as described in Denny et al.
(2014). We thus recommend to weekly record a stage as long as it
is visible. In the case of ‘open flowers’ (which replaces the term ‘first
flower’, see Table 4), these data allow extracting information on sec-
ond or third flushes and flowering duration (compare also e.g. Bucher
& Rémermann, 2020).

Throughout the course of the year and with the progression of
flowering, the association between first flowering day and the other
reproductive stages became weaker. We therefore suggest captur-
ing changes in flowering patterns with the additional monitoring of
(4.2) ‘flower intensity’ to record the percentage of open flowers.
From these data, peak flowering can be extracted. Flowering dura-
tion and peak flowering represent important phenological phases
and stages influencing ecosystem performance, for example, the
availability of nectar and pollen for pollinators and therefore the
reproduction success of the respective plant species (Burkle et al.,
2013; Forrest, 2014; Kudo & Cooper, 2019; Kudo et al., 2008).
The observation that the correlations between flowering stages
changed in the course of the year were also confirmed by other
studies: CaraDonna et al. (2014) showed, on 60 species in a sub-
alpine plant community, that first, peak and end flowering shifted
independently of one another. Bucher and R6mermann (2020) con-
firmed that changes in first and last flowering day as well as second
flowering flushes followed different patterns along elevational gra-
dients according to different strategies on a set of 29 herbaceous
species.

We further suggest to monitor (5) ‘ripe fruit’, as ‘first flower’
was only loosely related to the fruiting stages. As ‘first fruit’ was
highly correlated with ‘peak fruiting’ (Supporting Information 2),

the observation of this latter stage would not provide additional

information. Accordingly, we propose similar to the flowering
stages to record if a plant displays ripe fruits (or not) as this is more
straightforward to monitor. The availability of ripe fruits may, how-
ever, be observed through the entire wintertime, as this can be of
special interest when aiming to study the influence of fruit dis-
play on bird migration and feeding (Gallinat et al., 2018; Knudsen
et al., 2011) and to deduce the length of the dispersal period and its
possible influence on reproductive success of the species. However,
maintenance issues in botanical gardens and exhaustive seed col-
lections for the Index Seminum are likely to result in missing data
especially for ‘peak fruiting’, but the correlation between ‘first ripe
fruit’ and ‘peak fruiting’ suggest that the latter can be extrapolated
from ‘first ripe fruit’.

A detailed and illustrated description of the different stages is
provided in the PhenObs protocol (Supporting Information 4). In this
protocol, we specifically refer to the diverse growth forms which
can be problematic in evaluating the stages and making them com-
parable between species, for example, the ‘young leaves unfolding’
in monocotyledons or ‘initial growth’ in rosette forming species.
Additional examples of phenological stages and special cases are
given, described and illustrated there.

4.2 | Advances to monitoring phenological stages

The experience of the detailed monitoring of different stages cap-
turing the vegetative and reproductive phenology led us to switch
from monitoring only the onset of each phenological stage to record-
ing its duration and, partly, intensity similar as described in Denny
et al. (2014) (also called status-based monitoring). With this approach,
we propose to record all days during which a phenological event is
visible and thus capture both the beginning and end of a phenologi-
cal stage from which the duration of a phase and also peak in case
of flowering and senescence can be derived. With this approach, it
is possible to record multiple events of the same phenological phase

within a year, for example, two distinct leaf flushes or flowering
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periods or peaks, that are inherently hard to capture though they
show clearly species-specific patterns (Bucher & Rémermann, 2020).
These phases are important to inform predictions on the effect of
changes in the abiotic and biotic environment on species diversity.

The standardised protocols (Supporting Information 4) can be
applied across diverse herbaceous species. We provide guidance
on the protocol as well as regular updates on the project homep-
age (www.idiv.de/en/phenobs). Designing a simple and straightfor-
ward protocol opens up application by volunteers to contribute to
the project by gathering large datasets in any other gardens of the
world and thus amplify the relevance of botanical gardens and open
climate change research to a broader public. This protocol also opens
the possibility with links to existing (or future) Citizen Science proj-
ects (such as e.g. BudBurst in the United States or Natuurkalender in
the Netherlands, though they monitor in the wild).

5 | CONCLUSIONS

With this study, we have developed a standardised monitoring pro-
tocol as a basis of the PhenObs network to capture species-specific
differences in the phenology of herbaceous plant species. We identi-
fied a minimum set of stages that accurately capture both the veg-
etative and reproductive phenology of herbaceous plants. These
stages are relevant for global change studies and its effects on eco-
system productivity, ecosystem services, above-ground biotic inter-
actions, species performance and community composition.

With the establishment of PhenObs, we aim to fill the gap
of knowledge of herbaceous species phenology by analysing
phenological stages as a function of their traits on a large set
of herbaceous species in a controlled setting and characterise
the environmental (micro-)site conditions to study the effect of
changing climate on species performance. PhenObs continues
monitoring and aims at extending the number of partner gardens
using the standardised protocols presented here (Supporting
Information 4) for monitoring phenology, combined with the mea-
surement of functional traits. Included traits reflect key aspects
of a species performance in different environments and were
identified in previous studies as relating to phenology (Bucher
et al., 2018; Kénig et al., 2018), such as plant height, specific leaf
area or leaf nitrogen content. Differences between gardens that
have been shown in this pilot study may be related to differences
in maintenance issues, garden-specific species sets and differ-
ences in the starting times of yearly observations of the four
gardens that bear otherwise comparable climate conditions. The
future expansion of the PhenObs network covering more diverse
climate conditions will allow exploring ecological and climate
factors associated with the variation in vegetative and repro-
ductive phenology in herbaceous species. Once these data are
collected, the PhenObs network will further identify the impli-
cations of variation in phenology with respect to species perfor-
mance and assembly and biotic interactions (e.g. plant-pollinator

interactions) as well as ecosystem processes and services under

global change. Overall, we hope this standardised protocol will
serve as useful tool to study phenology shifts in a changing cli-
mate and thereby unravel the effects on ecosystem functions and
services. By developing the open PhenObs network, we also aim
to instigate a backbone for climate change research that is also
accessible to the general public and thereby help foster a greater
understanding of climate-induced consequences on ecosystems
and biodiversity.

ACKNOWLEDGEMENTS

We acknowledge Antje Bochnig, Claudia Eberspach and Carolina
Wagner (BG Berlin), Katrin Kittlaus and Birgit Miller (BG Halle),
Lara Escherich, Andreas Kober, Annika Lambert, Janin Naumann,
Anne-Kathrin Pilz, Christin Weiland, (BG Jena) and Ute Lohs (BG
Leipzig) for collecting phenology data in the gardens, as well as
Gerald Parolly (Berlin), Stefan Arndt, Thomas Bopp, Frank Hellwig,
Christian Feldhinkel, Thomas Herold, Lisa Raabe and Josephine
Ulrich (Jena) for collaboration and support. We are grateful to Emma
Jardine who supported the analyses of the data and writing of first
versions of the manuscript. The authors kindly acknowledge finan-
cial support from the iDiv Flexpool—the internal funding mechanism
of the German Centre for Integrative Biodiversity Research (iDiv)
Halle-Jena-Leipzig (project 09159715) funded by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation)—
FZT 118, 202548816). WOA Institution: FRIEDRICH-SCHILLER-
UNIVERSITAET JENA Blended DEAL: ProjektDEAL. Open Access
funding enabled and organized by Projekt DEAL.

AUTHORS' CONTRIBUTIONS

A.B., S.F.B.,, M.F,, LLH., B.N,, R.B.P,, C.R., A.-D.S. and C.W. (in al-
phabetical order) conceived the ideas of the PhenObs project;
S.F.B., M.F,, I.LH., B.N., C.P,, C.R. and A.-D.S. designed the meth-
odology of the protocols and, together with D.J. and M.S. critically
revised and adapted previous versions of the protocol taking into
account inconsistencies that were realised during the monitoring in
the Botanical Gardens in the pilot phase of the PhenObs project;
M.F. and B.N. led and C.P. supported the data collection in Leipzig,
Berlin and Halle, respectively; in Jena, data collection was estab-
lished and later supervised by C.R. and S.F.B. C.R., B.N. and M.S.
analysed the data; B.N., C.R. and |.H. led the writing of the manu-
script. All authors contributed critically to the drafts and gave final

approval for publication.

DATA AVAILABILITY STATEMENT
The data are publicly available via the iDiv Data Repository https://
doi.org/10.25829/idiv.1877-4-3160 (Nordt et al., 2020).

ORCID
Isabell Hensen https://orcid.org/0000-0001-6470-9359

Solveig Franziska Bucher https://orcid.org/0000-0002-2303-4583
Aletta Bonn https://orcid.org/0000-0002-8345-4600

Maria Sporbert https://orcid.org/0000-0001-7994-8491

Christine Rémermann https://orcid.org/0000-0003-3471-0951


https://www.idiv.de/en/phenobs
https://doi.org/10.25829/idiv.1877-4-3160
https://doi.org/10.25829/idiv.1877-4-3160
https://orcid.org/0000-0001-6470-9359
https://orcid.org/0000-0001-6470-9359
https://orcid.org/0000-0002-2303-4583
https://orcid.org/0000-0002-2303-4583
https://orcid.org/0000-0002-8345-4600
https://orcid.org/0000-0002-8345-4600
https://orcid.org/0000-0001-7994-8491
https://orcid.org/0000-0001-7994-8491
https://orcid.org/0000-0003-3471-0951
https://orcid.org/0000-0003-3471-0951

12 Functional Ecology

NORDT ET AL.

REFERENCES

Aizen, M. A, & Patterson, W. (1995). Leaf phenology and herbivory along
a temperature gradient: A spatial test of the phenological window
hypothesis. Journal of Vegetation Science, 6(4), 543-550. https://doi.
org/10.2307/3236353

Aono, Y., & Kazui, K. (2008). Phenological data series of cherry tree
flowering in Kyoto, Japan, and its application to reconstruction of
springtime temperatures since the 9th century. International Journal
of Climatology, 28(7), 905-914. https://doi.org/10.1002/joc.1594

BGCI. (2019). Botanic Garden Conservation International. Retrieved from
http://www.bgci.org/

Biologische Bundesanstalt fir Land- und Forstwirtschaft. (2001).
Entwicklungsstadien mono- und dikotyler Pflanzen (2nd ed.). BBCH
Monografie.

Bucher, S. F., Konig, P., Menzel, A., Migliavacca, M., Ewald, J., &
Rémermann, C. (2018). Traits and climate are associated with first
flowering day in herbaceous species along elevational gradients.
Ecology and Evolution, 8(2), 1147-1158. https://doi.org/10.1002/
ece3.3720

Bucher, S. F., & Rémermann, C. (2020). Flowering patterns change along
elevational gradients and relate to life-history strategies in 29 her-
baceous species. Alpine Botany, 130, 41-58. https://doi.org/10.1007/
s00035-020-00231-w

Bucher, S. F., & Romermann, C. (2021). The timing of leaf senescence
relates to flowering phenology and functional traits in 17 herbaceous
species along elevational gradients. Journal of Ecology (accepted).
https://doi.org/10.1111/1365-2745.13577

Budburst. (2019). Budburst: An online database of plant observations, a
citizen-science project of the Chicago Botanic Garden. Retrieved from
http://www.Budburst.org

Burkle, L. A., Marlin, J. C., & Knight, T. M. (2013). Plant-pollinator inter-
actions over 120 years: Loss of species, co-occurrence, and function.
Science, 339(6127), 1611-1615. http://dx.doi.org/10.1126/science.
1232728

CaraDonna, P. J,, ller, A. M., & Inouye, D. W. (2014). Shifts in flower-
ing phenology reshape a subalpine plant community. Proceedings of
the National Academy of Sciences of the United States of America, 111,
4916-4921. https://doi.org/10.1073/pnas.1323073111

CaraDonna,P.J.,&Inouye, D.W.(2015). Phenological responsesto climate
change do not exhibit phylogenetic signal in a subalpine plant com-
munity. Ecology, 96(2), 355-361. https://doi.org/10.1890/14-1536.1

Chmielewski, F. M., & Rotzer, T. (2001). Response of tree phenology to
climate change across Europe. Agricultural and Forest Meteorology,
108(2), 101-112. https://doi.org/10.1016/s0168-1923(01)00233-7

Churkina, G., Schimel, D., Braswell, B. H., & Xiao, X. M. (2005). Spatial
analysis of growing season length control over net ecosystem ex-
change. Global Change Biology, 11(10), 1777-1787. https://doi.
org/10.1111/j.1365-2486.2005.001012.x

Cornelius, C., Petermeier, H., Estrella, N., & Menzel, A. (2011). A com-
parison of methods to estimate seasonal phenological development
from BBCH scale recording. International Journal of Biometeorology,
55,867-877. https://doi.org/10.1007/s00484-011-0421-x

Crawley, M. J. (2012). The R book. John Wiley & Sons.

Crimmins, T. M., Crimmins, M. A., & Bertelsen, C. D. (2010). Complex re-
sponses to climate drivers in onset of spring flowering across a semi-
arid elevation gradient. Journal of Ecology, 98(5), 1042-1051. https://
doi.org/10.1111/j.1365-2745.2010.01696.x

Davies, T. J., Wolkovich, E. M., Kraft, N. J. B., Salamin, N., Allen, J. M.,
Ault, T. R., Betancourt, J. L., Bolmgren, K., Cleland, E. E., Cook, B.
I., Crimmins, T. M., Mazer, S. J., McCabe, G. J., Pau, S., Regetz, J.,
Schwartz, M. D., & Travers, S. E. (2013). Phylogenetic conservatism
in plant phenology. Journal of Ecology, 101(6), 1520-1530. https://doi.
org/10.1111/1365-2745.12154

Davis, C. C., Willis, C. G., Primack, R. B., & Miller-Rushing, A. J. (2010).
The importance of phylogeny to the study of phenological response

to global climate change. Philosophical Transactions of the Royal
Society B: Biological Sciences, 365(1555), 3201-3213. https://doi.
org/10.1098/rstb.2010.0130

Denny, E. G., Gerst, K. L., Miller-Rushing, A. J., Tierney, G. L., Crimmins,
T. M., Enquist, C. A. F., Guertin, P., Rosemartin, A. H., Schwartz,
M. D., Thomas, K. A., & Weltzin, J. F. (2014). Standardized phenol-
ogy monitoring methods to track plant and animal activity for sci-
ence and resource management applications. International Journal
of Biometeorology, 58(4), 591-601. https://doi.org/10.1007/s0048
4-014-0789-5

Deutscher Wetterdienst. (2015). Anleitung fir die phdnologischen
Beobachter des deutschen Wetterdienstes (BAPH). Vorschriften
und Betriebsunterlagen. Deutscher Wetterdienst 17 (VuB17),
Offenbach. Retrieved from https://www.dwd.de/DE/klimaumwel
t/klimaueberwachung/phaenologie/daten_deutschland/beoba
chtersuche/beobachteranleitung_download.pdf?__blob=publi
cationFile&v=9

DWD Climate Data Center (CDC). (2020). Annual grids of monthly aver-
aged daily air temperature (2m) over Germany, version v1.0. Retrieved
from www.dwd.de

Ellenberg, H. (1996). Vegetation Mitteleuropas mit den Alpen in Gkolo-
gischer, dynamischer und historischer Sicht (5th ed.). Ulmer.

Ellwood, E. R., Primack, R. B., Willis, C. G., & HilleRisLambers, J. (2019).
Phenology models using herbarium specimens are only slightly im-
proved by using finer-scale stages of reproduction. Applications in
Plant Sciences, 7(3), 1-9. https://doi.org/10.1002/aps3.1225

Elmendorf, S. C., Jones, K. D., Cook, B. I, Diez, J. M., Enquist, C. A. F,,
Hufft, R. A., Jones, M. O., Mazer, S. J., Miller-Rushing, A. J., Moore,
D. J. P, Schwartz, M. D., & Weltzin, J. F. (2016). The plant phe-
nology monitoring design for The National Ecological Observatory
Network. Ecosphere, 7(4), 1-16. https://doi.org/10.1002/ecs2.
1303

Ettinger, A. K., Chamberlain, C. J., Morales-Castilla, |., Buonaiuto, D. M.,
Flynn, D. F. B., Savas, T., Samaha, J. A., & Wolkovich, E. M. (2020).
Winter temperatures predominate in spring phenological responses
to warming. Nature Climate Change, 10(12), 1137-1142. https://doi.
org/10.1038/s41558-020-00917-3

FitzJohn, R. G., Pennell, M. W., Zanne, A. E., Stevens, P. F,, Tank, D. C.,
& Cornwell, W. K. (2014). How much of the world is woody? Journal
of Ecology, 102(5), 1266-1272. https://doi.org/10.1111/1365-2745.
12260

Forrest, J. R. K. (2014). Plant-pollinator interactions and phenological
change: What can we learn about climate impacts from experi-
ments and observations? Oikos, 124, 4-13. https://doi.org/10.1111/
0ik.01386

Fu, Y. H., Piao, S., Zhao, H., Jeong, S.-J., Wang, X., Vitasse, Y., Ciais, P,,
& Janssens, |. A. (2014). Unexpected role of winter precipitation
in determining heat requirement for spring vegetation green-up at
northern middle and high latitudes. Global Change Biology, 20(12),
3743-3755. https://doi.org/10.1111/gch.12610

Gallinat, A. S., Primack, R. B., & Wagner, D. L. (2015). Autumn, the neglected
season in climate change research. Trends in Ecology & Evolution,
30(3), 169-176. https://doi.org/10.1016/j.tree.2015.01.004

Gallinat, A. S., Primack, R. B., Willis, C. G., Nordt, B., Stevens, A.-D.,
Fahey, R., Whittemore, A. T., Du, Y., & Panchen, Z. A. (2018). Patterns
and predictors of fleshy fruit phenology at five international botani-
cal gardens. American Journal of Botany, 105(11), 1824-1834. https://
doi.org/10.1002/ajb2.1189

Heberling, J. M., McDonough MacKenzie, C., Fridley, J. D., Kalisz, S., &
Primack, R. B. (2019). Phenological mismatch with trees reduces
wildflower carbon budgets. Ecology Letters, 22(4), 616-623. https://
doi.org/10.1111/ele.13224

Hoffman, G. E., & Schadt, E. E. (2016). variancePartition: Interpreting
drivers of variation in complex gene expression studies. BMC
Bioinformatics, 17, 483. https://doi.org/10.1186/s12859-016-1323-z


https://doi.org/10.2307/3236353
https://doi.org/10.2307/3236353
https://doi.org/10.1002/joc.1594
http://www.bgci.org/
https://doi.org/10.1002/ece3.3720
https://doi.org/10.1002/ece3.3720
https://doi.org/10.1007/s00035-020-00231-w
https://doi.org/10.1007/s00035-020-00231-w
https://doi.org/10.1111/1365-2745.13577
http://www.Budburst.org
https://doi.org/10.1126/science.1232728
https://doi.org/10.1126/science.1232728
https://doi.org/10.1073/pnas.1323073111
https://doi.org/10.1890/14-1536.1
https://doi.org/10.1016/s0168-1923(01)00233-7
https://doi.org/10.1111/j.1365-2486.2005.001012.x
https://doi.org/10.1111/j.1365-2486.2005.001012.x
https://doi.org/10.1007/s00484-011-0421-x
https://doi.org/10.1111/j.1365-2745.2010.01696.x
https://doi.org/10.1111/j.1365-2745.2010.01696.x
https://doi.org/10.1111/1365-2745.12154
https://doi.org/10.1111/1365-2745.12154
https://doi.org/10.1098/rstb.2010.0130
https://doi.org/10.1098/rstb.2010.0130
https://doi.org/10.1007/s00484-014-0789-5
https://doi.org/10.1007/s00484-014-0789-5
https://www.dwd.de/DE/klimaumwelt/klimaueberwachung/phaenologie/daten_deutschland/beobachtersuche/beobachteranleitung_download.pdf?__blob=publicationFile&v=9
https://www.dwd.de/DE/klimaumwelt/klimaueberwachung/phaenologie/daten_deutschland/beobachtersuche/beobachteranleitung_download.pdf?__blob=publicationFile&v=9
https://www.dwd.de/DE/klimaumwelt/klimaueberwachung/phaenologie/daten_deutschland/beobachtersuche/beobachteranleitung_download.pdf?__blob=publicationFile&v=9
https://www.dwd.de/DE/klimaumwelt/klimaueberwachung/phaenologie/daten_deutschland/beobachtersuche/beobachteranleitung_download.pdf?__blob=publicationFile&v=9
http://www.dwd.de
https://doi.org/10.1002/aps3.1225
https://doi.org/10.1002/ecs2.1303
https://doi.org/10.1002/ecs2.1303
https://doi.org/10.1038/s41558-020-00917-3
https://doi.org/10.1038/s41558-020-00917-3
https://doi.org/10.1111/1365-2745.12260
https://doi.org/10.1111/1365-2745.12260
https://doi.org/10.1111/oik.01386
https://doi.org/10.1111/oik.01386
https://doi.org/10.1111/gcb.12610
https://doi.org/10.1016/j.tree.2015.01.004
https://doi.org/10.1002/ajb2.1189
https://doi.org/10.1002/ajb2.1189
https://doi.org/10.1111/ele.13224
https://doi.org/10.1111/ele.13224
https://doi.org/10.1186/s12859-016-1323-z

NORDT ET AL.

Functional Ecology 13

Huang, G, Li, C. H., & Li, Y. (2018). Phenological responses to nitrogen
and water addition are linked to plant growth patterns in a desert
herbaceous community. Ecology and Evolution, 8(10), 5139-5152.
https://doi.org/10.1002/ece3.4001

Huang, L., Koubek, T., Weiser, M., & Herben, T. (2018). Environmental
drivers and phylogenetic constraints of growth phenologies across
a large set of herbaceous species. Journal of Ecology, 106(4), 1621-
1633. https://doi.org/10.1111/1365-2745.12927

Inouye, D. W. (2008). Effects of climate change on phenology, frost
damage, and floral abundance of montane wildflowers. Ecology, 89,
353-362. https://doi.org/10.1890/06-2128.1

International Phenological Gardens of Europe. (2019). Phenological obser-
vation guide of the International Phenological Gardens. Retrieved from
http://ipg.hu-berlin.de/ipg/faces/list_phases.xhtml

Kattge, J., Bonisch, G., Diaz, S., Lavorel, S., Prentice, I. C., Leadley, P,
Tautenhahn, S., Werner, G. D. A., Aakala, T., Abedi, M., Acosta, A. T.
R., Adamidis, G. C., Adamson, K., Aiba, M., Albert, C. H., Alcantara,
J. M., Alcéazar C, C., Aleixo, I., Ali, H., ... Wirth, C. (2020). TRY plant
trait database - Enhanced coverage and open access. Global Change
Biology, 26(1), 119-188. https://doi.org/10.1111/gcb.14904

Kharouba, H. M., Ehrlén, J., Gelman, A., Bolmgren, K., Allen, J. M., Travers,
S. E., & Wolkovich, E. M. (2018). Global shifts in the phenological
synchrony of species interactions over recent decades. Proceedings
of the National Academy of Sciences, 115(20), 5211-5216. https://doi.
org/10.1073/pnas.1714511115

Kharouba, H. M., & Vellend, M. (2015). Flowering time of butterfly nectar
food plants is more sensitive to temperature than the timing of but-
terfly adult flight. Journal of Animal Ecology, 84, 1311-1321. https://
doi.org/10.1111/1365-2656.12373

Kim, B. D., Yu, S. T., Shin, H. T,, Yi, M. H., Yoon, J. W,, Kim, G. S., &
Sung, J. W. (2012). A study on the plants for phenology of the Mt.
Palgongsam Provincial Park. Journal of Korean Nature, 5(4), 287-292.
https://doi.org/10.7229/jkn.2012.5.4.287

Knudsen, E., Lindén, A., Both, C., Jonzén, N., Pulido, F., Saino, N.,
Sutherland, W. J.,, Bach, L. A., Coppack, T., Ergon, T., Gienapp, P.,
Gill, J. A., Gordo, O., Hedenstréom, A., Lehikoinen, E., Marra, P. P,,
Mgller, A. P., Nilsson, A. L. K., Péron, G, ... Stenseth, N. C. (2011).
Challenging claims in the study of migratory birds and climate change.
Biological Reviews, 86, 928-946. https://doi.org/10.1111/j.1469-
185X.2011.00179.x

Koénig, P., Tautenhahn, S., Cornelissen, J. H. C., Kattge, J., Boenisch, G.,
& Rémermann, C. (2018). Advances in flowering phenology across
the Northern Hemisphere are explained by functional traits. Global
Ecology and Biogeography, 27(3), 310-321. https://doi.org/10.1111/
geb.12696

Kramer, K. (1995). Modelling comparison to evaluate the importance of
phenology for the effects of climate change on growth of temper-
ate-zone deciduous trees. Climate Research, 5(2), 119-130. https://
doi.org/10.3354/cr005119

Kudo, G., & Cooper, E. J. (2019). When spring ephemerals fail to meet
pollinators: Mechanism of phenological mismatch and its impact
on plant reproduction. Proceedings of the Royal Society B: Biological
Sciences, 286, 20190573. https://doi.org/10.1098/rspb.2019.0573

Kudo, G, Ida, T. Y., & Tani, T. (2008). Linkages between phenology, pol-
lination, photosynthesis and reproduction in deciduous forest un-
derstory plants. Ecology, 89(2), 321-331. https://doi.org/10.1890/
06-2131.1

Lapointe, L. (2001). How phenology influences physiology in decidu-
ous forest spring ephemerals. Physiologia Plantarum, 113, 151-157.
https://doi.org/10.1034/j.1399-3054.2001.1130201.x

Lechowicz, M. J. (1984). Why do temperate deciduous trees leaf out at
different times? Adaptation and ecology of forest communities. The
American Naturalist, 124(6), 821-842. https://doi.org/10.1086/284319

Lopez, O. R., Farris-Lopez, K., Montgomery, R. A., & Givnish, T. J. (2008).
Leaf phenology in relation to canopy closure in southern Appalachian

trees. American Journal of Botany, 95, 1395-1407. https://doi.org/
10.3732/ajb.0800104

Mayor, S. J., Guralnick, R. P, Tingley, M. W., Otegui, J., Withey, J. C,,
Elmendorf, S. C., Schneider, D. C. (2017). Increasing phenological
asynchrony between spring green-up and arrival of migratory birds.
Scientific Reports, 7, 1902. https://www.nature.com/articles/s4159
8-017-02045-z

Meier, U., Bleiholder, H., Buhr, L., Feller, C., Hack, H., Hess, M., Lancashire,
P.D., Schnock, U., StauB, R., van den Boom, T., & Weber, E. & Zwerger,
P.(2009). The BBCH system to coding the phenological growth stages
of plants - History and publications. Journal fiir Kulturpflanzen, 61,
41-52.

Menzel, A., & Fabian, P. (1999). Growing season extended in Europe.
Nature, 397(6721), 659. https://doi.org/10.1038/17709

Miller-Rushing, A. J., Hgye, T. T., Inouye, D. W., & Post, E. (2010). The
effects of phenological mismatches on demography. Philosophical
Transactions of the Royal Society B: Biological Sciences, 365, 3177-
3186. https://doi.org/10.1098/rsth.2010.0148

Miller-Rushing, A. J., Inouye, D. W., & Primack, R. B. (2008). How well
do first flowering dates measure plant responses to climate change?
The effects of population size and sampling frequency. Journal of
Ecology, 96(6), 1289-1296. https://doi.org/10.1111/j.1365-2745.2008.
01436.x

Nordt, B.,Hensen, |.,Bucher, S. F., Freiberg, M., Primack, R. B., Stevens, A.-D.,
Bonn, A., Wirth, C., Jakubka, D., Plos, C., Sporbert, M., & Rémermann,
C. (2020). PhenObs: Phenological observation dataset from 2017-2018
[Data set]. German Centre for Integrative Biodiversity Research (iDiv)
Halle-Jena-Leipzig. https://doi.org/10.25829/idiv.1877-4-3160

Panchen, Z. A., Primack, R. B., Gallinat, A. S., Nordt, B., Stevens, A.-D.,
Du, Y., & Fahey, R. (2015). Substantial variation in leaf senescence
times among 1360 temperate woody plant species: Implications for
phenology and ecosystem processes. Annals of Botany, 116(6), 865-
873. https://doi.org/10.1093/aob/mcv015

Panchen, Z. A., Primack, R. B., Nordt, B., Ellwood, E. R., Stevens, A.-D.,
Renner, S. S., Willis, C. G., Fahey, R., Whittemore, A., Du, Y., & Davis,
C. C. (2014). Leaf out times of temperate woody plants are related
to phylogeny, deciduousness, growth habit and wood anatomy. New
Phytologist, 203(4), 1208-1219. https://doi.org/10.1111/nph.12892

Parmesan, C. (2007). Influences of species, latitudes and methodologies
on estimates of phenological response to global warming. Global
Change Biology, 13(9), 1860-1872. https://doi.org/10.1111/j.1365-
2486.2007.01404.x

Parmesan, C., & Yohe, G. (2003). A globally coherent fingerprint of cli-
mate change impacts across natural systems. Nature, 421(6918),
37-42. https://doi.org/10.1038/nature01286

Post, E., & Forchhammer, M. C. (2008). Climate change reduces repro-
ductive success of an Arctic herbivore through trophic mismatch.
Philosophical Transactions of the Royal Society B: Biological Sciences,
363, 2369-2375. https://doi.org/10.1098/rstb.2007.2207

Primack, R. B., & Miller-Rushing, A. J. (2009). The role of botanical gar-
dens in climate change research. New Phytologist, 182(2), 303-313.
https://doi.org/10.1111/j.1469-8137.2009.02800.x

R Core Team. (2019). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. Retrieved from http://
www.R-project.org/

Renner, S. S., & Zohner, C. M. (2018). Climate change and phenological
mismatch in trophic interactions among plants, insects, and verte-
brates. Annual Review of Ecology, Evolution, and Systematics, 49, 165-
182. https://doi.org/10.1146/annurev-ecolsys-110617-062535

Rich, P. M., Breshears, D. D., & White, A. B. (2008). Phenology of
mixed woody-herbaceous ecosystems following extreme events:
Net and differential responses. Ecology, 89, 342-352. https://doi.
org/10.1890/06-2137.1

Richardson, A. D., Andy Black, T., Ciais, P., Delbart, N., Friedl, M. A,
Gobron, N., Hollinger, D. Y., Kutsch, W. L., Longdoz, B., Luyssaert, S.,


https://doi.org/10.1002/ece3.4001
https://doi.org/10.1111/1365-2745.12927
https://doi.org/10.1890/06-2128.1
http://ipg.hu-berlin.de/ipg/faces/list_phases.xhtml
https://doi.org/10.1111/gcb.14904
https://doi.org/10.1073/pnas.1714511115
https://doi.org/10.1073/pnas.1714511115
https://doi.org/10.1111/1365-2656.12373
https://doi.org/10.1111/1365-2656.12373
https://doi.org/10.7229/jkn.2012.5.4.287
https://doi.org/10.1111/j.1469-185X.2011.00179.x
https://doi.org/10.1111/j.1469-185X.2011.00179.x
https://doi.org/10.1111/geb.12696
https://doi.org/10.1111/geb.12696
https://doi.org/10.3354/cr005119
https://doi.org/10.3354/cr005119
https://doi.org/10.1098/rspb.2019.0573
https://doi.org/10.1890/06-2131.1
https://doi.org/10.1890/06-2131.1
https://doi.org/10.1034/j.1399-3054.2001.1130201.x
https://doi.org/10.1086/284319
https://doi.org/10.3732/ajb.0800104
https://doi.org/10.3732/ajb.0800104
https://www.nature.com/articles/s41598-017-02045-z
https://www.nature.com/articles/s41598-017-02045-z
https://doi.org/10.1038/17709
https://doi.org/10.1098/rstb.2010.0148
https://doi.org/10.1111/j.1365-2745.2008.01436.x
https://doi.org/10.1111/j.1365-2745.2008.01436.x
https://doi.org/10.25829/idiv.1877-4-3160
https://doi.org/10.1093/aob/mcv015
https://doi.org/10.1111/nph.12892
https://doi.org/10.1111/j.1365-2486.2007.01404.x
https://doi.org/10.1111/j.1365-2486.2007.01404.x
https://doi.org/10.1038/nature01286
https://doi.org/10.1098/rstb.2007.2207
https://doi.org/10.1111/j.1469-8137.2009.02800.x
http://www.R-project.org/
http://www.R-project.org/
https://doi.org/10.1146/annurev-ecolsys-110617-062535
https://doi.org/10.1890/06-2137.1
https://doi.org/10.1890/06-2137.1

14 Functional Ecology

NORDT ET AL.

Migliavacca, M., Montagnani, L., William Munger, J., Moors, E., Piao,
S., Rebmann, C., Reichstein, M., Saigusa, N., Tomelleri, E., ... Varlagin,
A.(2010). Influence of spring and autumn phenological transitions on
forest ecosystem productivity. Philosophical Transactions of the Royal
Society B: Biological Sciences, 365, 3227. https://doi.org/10.1098/
rstb.2010.0102

Root, T. L., Price, J. T., Hall, K. R., Schneider, S. H., Rosenzweig, C., &
Pounds, J. A. (2003). Fingerprints of global warming on wild animals
and plants. Nature, 421(6918), 57-60. https://doi.org/10.1038/natur
e01333

USA-NPN National Coordinating Office. (2013). USA National
Phenology Network Plant and Animal Observation Handbook:
USA-NPN Education & Engagement Series 2013-001. Retrieved
from https://www.usanpn.org/files/shared/files/USA-NPN-HTO
Full_8.27.13.pdf

Vitasse, Y., Francois, C., Delpierre, N., Dufrene, E., Kremer, A., Chuine,
I., & Delzon, S. (2011). Assessing the effects of climate change
on the phenology of European temperate trees. Agricultural and
Forest Meteorology, 151, 969-980. https://doi.org/10.1016/j.agrfo
rmet.2011.03.003

Walther, G. R., Post, E., Convey, P., Menzel, A., Parmesan, C., Beebee,
T. J. C., Fromentin, J.-M., Hoegh-Guldberg, O., & Bairlein, F. (2002).
Ecological responses to recent climate change. Nature, 416(6879),
389-395. https://doi.org/10.1038/41638%a

White, M. A., Running, S. W., & Thornton, P. E. (1999). The impact of
growing-season length variability on carbon assimilation and evapo-
transpiration over 88 years in the eastern US deciduous forest.

International Journal of Biometeorology, 42, 139-145. https://doi.
org/10.1007/s004840050097

Wickham, H. (2009). Ggplot2: Elegant graphics for data analysis. Springer.

Wolf, A. A, Zavaleta, E. S., & Selmants, P. C. (2017). Flowering phenol-
ogy shifts in response to biodiversity loss. Proceedings of the National
Academy of Sciences of the United States of America, 114(13), 3463-
3468. https://doi.org/10.1073/pnas.1608357114

Wolkovich, E. M., Davies, T. J., Schaefer, H., Cleland, E. E., Cook, B.
I., Travers, S. E., Willis, C. G., & Davis, C. C. (2013). Temperature-
dependent shifts in phenology contribute to the success of exotic
species with climate change. American Journal of Botany, 100(7),
1407-1421. https://doi.org/10.3732/ajb.1200478

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Nordt B, Hensen |, Bucher SF, et al.
The PhenObs initiative: A standardised protocol for
monitoring phenological responses to climate change using
herbaceous plant species in botanical gardens. Funct Ecol.
2021;00:1-14. https://doi.org/10.1111/1365-2435.13747



https://doi.org/10.1098/rstb.2010.0102
https://doi.org/10.1098/rstb.2010.0102
https://doi.org/10.1038/nature01333
https://doi.org/10.1038/nature01333
https://www.usanpn.org/files/shared/files/USA-NPN-HTOFull_8.27.13.pdf
https://www.usanpn.org/files/shared/files/USA-NPN-HTOFull_8.27.13.pdf
https://doi.org/10.1016/j.agrformet.2011.03.003
https://doi.org/10.1016/j.agrformet.2011.03.003
https://doi.org/10.1038/416389a
https://doi.org/10.1007/s004840050097
https://doi.org/10.1007/s004840050097
https://doi.org/10.1073/pnas.1608357114
https://doi.org/10.3732/ajb.1200478
https://doi.org/10.1111/1365-2435.13747

